Introduction
Lung epithelial cells form a tight functional barrier which is essential for the maintenance of normal lung function throughout life [1] . The alveolar epithelium is composed of alveolar epithelial type I (ATI) and type II (ATII) cells. ATII cells are cuboidal secretory cells mainly responsible for surfactant secretion, thereby reducing surface tension [2] . In addition, ATII cells have been implicated in lung defense mechanisms due to cytokine release and antioxidant production. ATII cells supposedly serve as progenitors, initiating the restoration of alveolar epithelium in the adult lung by either giving rise to new ATII cells or differentiating into ATI cells [3] . While lesser in number, ATI cells cover over 95% of the alveolar surface area, thereby providing the basis for gas exchange [4] . Alveolar epithelial cells exhibit a high degree of plasticity and are involved in injury, repair, and transforma-tion processes of the lung. Alveolar epithelial cell injury and impaired repair have been linked to several chronic lung diseases such as pulmonary fibrosis [5] .
Idiopathic pulmonary fibrosis (IPF) represents one of the most common and progressive fibrotic disorders; it is characterized by repetitive injury and subsequent impaired repair of alveolar epithelial cells. This leads to aberrant growth factor activation and perpetuation of the fibrotic transformation and aggregation of activated myofibroblasts (fibroblast foci), which promote excessive extracellular matrix deposition [6, 7] . Hyperplastic proliferating alveolar epithelial cells are frequently found in IPF, and alveolar epithelial cell proliferation may be involved in impaired repair mechanisms [8] [9] [10] .
These observations strongly suggest that fibrotic epithelial cells may serve as a possible origin of carcinoma development. Other histological cell atypies that have been observed in IPF include bronchiolization as well as squamous and bronchial basal cell metaplasia that are similar to premalignant lesions in the bronchial epithelium [11, 12] . Along this line, Chilosi et al. [8] reported abnormal proliferation of bronchial epithelial cells in IPF but not in other interstitial pneumonias such as acute or nonspecific pneumonias.
Several studies have provided histopathological evidence of an increased incidence of lung cancer in IPF. Hironaka et al. [13] found that squamous metaplasia occurred more frequently in patients with usual interstitial pneumonia (the histopathological correlate of IPF) and lung cancer compared with usual interstitial pneumonia without lung cancer. Epidemiological studies have reported a prevalence of lung cancer in up to 30% of pulmonary fibrosis cases [14] . Further, the role of cigarette smoking as an established risk factor for both IPF and lung cancer has been investigated in several studies [11, 15, 16] . It has been reported that IPF patients with lung cancer exhibit a significantly higher smoking index than do IPF patients without lung cancer. Interestingly, Hubbard et al. [17] provided evidence that the increased prevalence of lung cancer in IPF is independent of smoking. In the analyzed cohort, the incidence of lung cancer was significantly increased in IPF patients even after adjustment for previous smoking history.
Of further interest is the histological localization of tumors within the fibrotic lung. Most cancer cases have been identified in the lung periphery and lower lobes, closely located to fibrotic changes which predominantly occur within these areas [11, 12] . Histologically, different subtypes of lung cancer such as small cell carcinoma, adenocarcinoma, or squamous cell carcinoma have been reported often, but not exclusively, in nontypical locations in the lung periphery [18, 19] .
The real incidence and occurrence of lung cancer in pulmonary fibrosis, however, may very likely be underestimated for several reasons: (1) the nontypical localization of tumors in the lower lobes, which may hamper its radiological detection in pulmonary fibrosis, particularly since previous studies have only been performed upon autopsy, (2) the current reassessment of the classification of idiopathic interstitial pneumonias, which limits retrospective analysis due to differences in diagnostic accuracy and nomenclature, and (3) the progressive course of IPF with an overall survival of 2-4 years after diagnosis and no proven therapeutic option, which may lead to the fact that IPF patients may die before lung cancer develops or is detected.
Clearly, the mechanisms involved in the development of cancer remain poorly understood. Recent advances in our understanding of the molecular mechanisms involved in pulmonary fibrosis have complemented the histopathological evidence and provided a deeper insight into the possible pathomechanisms involved in lung cancer development in patients with pulmonary fibrosis. The aim of this review, therefore, is to highlight these novel findings linking pulmonary fibrosis with lung cancer.
Epithelial Cell Phenotype in Pulmonary Fibrosis
The findings that lung epithelial cells from fibrotic lungs appear hyper-and metaplastic in IPF [8, 20, 21] has been further examined by ultrastructural studies that revealed the existence of proliferative alveolar epithelial cells immediately adjacent to injured and apoptotic epithelial cells [22] [23] [24] . The simultaneous occurrence of epithelial apoptosis, hyperplasia, and proliferation is also a consistent finding in experimental lung fibrosis [25, 26] , suggesting that an ongoing injury repair process in fi brosis represents the basis for lung cancer development. These results have been further corroborated on the cellular level. Primary alveolar epithelial cells isolated from fibrotic lungs exhibited an increased proliferative capacity and enhanced gene expression of proliferative mediators [27] .
Importantly, several genes and pathways which have been assigned an oncogenic role, such as the WNT/ ␤ -catenin signaling pathway, have been found to be altered in these cells. In addition, fibrotic primary alveolar epithelial cells have been shown to exhibit an enhanced migratory ability and may undergo epithelial-to-mesenchymal transition (EMT), a mechanism which further links fibrosis and cancer development [27] [28] [29] ( fig. 1 ).
Epithelial-to-Mesenchymal Transition
EMT is defined as the reversible phenotypic alteration of an epithelial into a fibroblast-like cell and has been described in the process of embryonic development, cancerogenesis, and organ fibrosis [30, 31] . The EMT process is characterized by changes in cell polarity, remodeling of cell-cell and cell-matrix adhesion contacts, loss of epithelial cell markers, induction of mesenchymal gene expression, and reorganization of the actin cytoskeleton with a subsequent enhanced ability for cell migration [31, 32] .
In lung cancer, EMT has been described in the context of cancer invasion and metastasis, and it has been proposed to be a survival strategy for cells to avoid induction of apoptosis by drug treatment [33, 34] . In vivo evidence, however, documenting that EMT is involved in lung cancer progression is still missing. In pulmonary fibrosis, epithelial cells, via the process of EMT, possibly serve as a source for the increased (myo-)fibroblast pool [35] . Recent studies have demonstrated evidence of EMT in IPF tissue specimens as well as in allografts after lung transplantation [36] . Colocalization of epithelial and mesenchymal marker expression in hyperplastic alveolar epithelial cells in lung tissue from IPF patients suggested that EMT significantly contributes to IPF pathogenesis [28] . One of the main inducers of EMT is transforming growth factor (TGF)-␤ , a cytokine also implicated in cancer metastasis [37] . It has been demonstrated that TGF-␤ induces EMT in alveolar epithelial cells in vitro and in vivo [28, 29, 38] . Upon exposure to TGF-␤ , alveolar epithelial cells gain mesenchymal marker gene expression while loosing epithelial markers, indicative of EMT [39] . Recently, TGF-␤ -induced EMT was also demonstrated in vivo in a triple transgenic mouse model [29] .
Enhanced cellular migration is closely linked with EMT [31] . Matrix metalloproteinases (MMP) are critically involved in these processes by cleaving extracellular matrix proteins and activating growth factor signaling. Altered MMP expression has been reported in wound healing, organ fibrosis, and cancer development [40, 41] . Matrilysin (MMP7) is expressed and secreted by lung epithelial cells and has been found to be upregulated in hu- man and experimental fibrosis [42] . MMP7 is known to be a WNT/ ␤ -catenin target gene and has further been suggested to promote invasiveness in lung cancer [43] . How MMP expression may foster cancer development in fibrosis has been reported in transgenic animal models in which overexpression of MMP3 or membrane type-1 (MT1)-MMP led to increased collagen deposition and fibrosis followed by tumorigenesis in the breast [44, 45] . Similar mechanisms may be relevant for the lung but have not been reported thus far.
In summary, the ability of lung epithelial cells to express MMP, migrate, and undergo EMT warrants future studies to determine the temporal and spatial role that EMT may play in the development of lung cancer within pulmonary fibrosis.
Oncogenic Signaling Pathways
Cancer develops via a multistep process involving tumor suppressors as well as oncogenes that trigger the transition of normal epithelial cells to metaplastic and subsequently carcinoma cells [46] . This paragraph focuses on tumor suppressors as well as oncogenes that have been implicated in pulmonary fibrosis and cancer alike.
First, the well-known tumor suppressor protein p53 is altered in squamous metaplasia and dysplastic bronchial and alveolar epithelium in patients with IPF [47, 48] . It has been demonstrated that chronic epithelial cell injury coincides with the upregulation of p53 and p21 and subsequent (impaired) repair may lead to point mutations within the p53 gene, resulting in a loss of function [47, 49] . This may represent an early trigger of epithelial cell transformation and tumorigenesis. In addition, expression of a truncated isoform of p63 (deltaN-p63) has been reported at sites of epithelial hyperplasia, squamous metaplasia, bronchiolization, and abnormal p53 nuclear accumulation in IPF [8] .
Aberrant expression of developmentally active signaling pathways is a common and well-investigated feature of cancer, but this mechanism has been largely underappreciated in nonmalignant diseases. Recently, these oncogenic pathways have been uncovered in the development and progression of pulmonary fibrosis [50, 51] . One of the most prominent pathways is the highly conserved WNT/ ␤ -catenin signaling pathway, which has been found to be aberrantly activated in chronic fibrotic lung disease [52, 53] . The WNT/ ␤ -catenin signaling pathway constitutes a large family of secreted glycoproteins that signal via a variety of membrane-bound receptors. In short, in the presence of WNT ligands, the membrane receptors frizzled (FZD) and low-density lipoprotein receptor-related protein (LRP) 5 or 6 are activated upon WNT binding. WNT ligand binding to FZD and LRP leads to the phosphorylation of LRP6 by glycogen synthase kinase (GSK)-3 ␤ and casein kinase ␥ in its cytoplasmic region, which leads to the recruitment of the cytosolic proteins dishevelled (DVL) 1-3 and axin. Subsequently, ␤ -catenin phosphorylation is inhibited and its degradation attenuated. Accumulated ␤ -catenin undergoes nuclear translocation and regulates target gene expression via interaction with members of the T-cellspecific transcription factor/lymphoid enhancer-binding factor (TCF/LEF) family [54] .
Chilosi et al. [53] reported nuclear localization of ␤ -catenin in the hyperplastic alveolar epithelium, as well as interstitium in IPF, indicative of activated WNT/ ␤ -catenin signaling. In addition, it has been recently demonstrated that several components of the canonical WNT/ ␤ -catenin signaling pathway are overexpressed in human IPF [52] as well as in experimental lung fibrosis [27] . Interestingly, canonical WNT/ ␤ -catenin signaling components (including WNT ligands, ␤ -catenin, or GSK-3 ␤ ) localized mainly to the bronchial and alveolar epithelium. Increased activity of the WNT/ ␤ -catenin pathway in IPF was documented by increased phosphorylation of LRP6 and GSK-3 ␤ . In addition, several WNT target genes such as MMP7 or fibronectin are differentially expressed in IPF, [42] . Activation of canonical WNT/ ␤ -catenin signaling has been further demonstrated in experimental lung fibrosis in vivo [27, 55, 56] . A whole genome microarray screen from primary alveolar epithelial cells isolated from fibrotic mouse lungs revealed an 'oncogene signature' including WNT components and target genes but also from other pathways [27] . In particular, increased expression of the WNT target gene WNT-inducible signaling pathway protein (WISP) 1 has been found in hyperplastic proliferating alveolar epithelial cells [57] . WISP1 led to enhanced epithelial proliferation and migration as well as EMT. WNT ligands themselves lead to an increased proliferation of bronchial and alveolar epithelial cells in vitro. The impact of WNT/ ␤ -catenin signaling as a regulator of EMT has been demonstrated by the direct participation of ␤ -catenin in these processes [58, 59] as well as by induction of EMT by Wnt ligands in vitro [60] . Although in vivo evidence is still missing, the aforementioned data highlight the WNT/ ␤ -catenin pathway and its target gene WISP1 as possible mediators of lung cancer development in pulmonary fibrosis ( fig. 1 ) . Indeed, WISP1 alterations have been reported in lung cancer specimens [61] [62] [63] . In addition, increased activity of the upstream WNT/ ␤ -catenin pathway has also been reported. Several studies have reported increased nuclear ␤ -catenin staining in several lung tumor samples. Changes in the expression of several Wnt components (such as Wnt1, Wnt2, and Dvl3) have been reported in non-small cell lung carcinoma and associat ed with enhanced cell growth and/or resistance to apopto tic therapies [64] . Additional studies have demonstrated that Wnt regulators are transcriptionally silenced in nonsmall cell lung carcinoma, thereby promoting tumor growth [65, 66] .
Altogether, these studies represent profound evidence that links active WNT/ ␤ -catenin signaling with alveolar and bronchial epithelial cell injury and repair. Future studies are needed to further elucidate the effects and mechanisms of active WNT/ ␤ -catenin signaling and to analyze whether this pathway plays a causative role in lung cancer development in pulmonary fibrosis.
Conclusion
Pulmonary fibrosis is characterized by repetitive cycles of epithelial cell injury followed by impaired epithelial cell repair. Phenotypic alterations, such as hyper-and metaplasia, have been described in IPF and strongly suggest that fibrotic epithelial cells may be able to further transform, thereby representing a possible origin of carcinoma development. Although an increased incidence of lung cancer in pulmonary fibrosis has been reported, this field warrants further investigation. Recent advances in our understanding of the molecular mechanisms of pulmonary fibrosis have complemented the histopathological evidence. Processes such as EMT or (re-)activation of oncogenic pathways have been implicated in pulmonary fibrosis development, in particular in alveolar epithelial cell injury und repair mechanisms. These novel findings provide further evidence on the molecular and cellular level of a close link between pulmonary fibrosis and lung cancer.
